In mixed semiconductor crystals, the alloy disorder in the valence and conduction bands is statistically correlated. This leads to kinematical correlations in the motion of electrons and holes analogous to exciton effects. This mechanism known to affect the linear optical response is presently shown to act also in the non-linear regime induced by strong short light pulses. A direct numerical solution of the Kadanoff-Baym equations for non-equilibrium Green functions (with a self-consistent and conserving single-site approximation for the self-energy) is used to study correlation in the electron and hole photoexcited populations, and also an additional transient light induced band hybridization which modifies the full optical vertex.
Introduction
In the linear optical response of electrons in disordered semiconductors, the statistical correlation between the disorder in the valence and conduction bands leads to a kinematical correlation between the electrons and * based on a poster presented at the conference "progress in nonequilibrium greens functions, dresden, germany, 19.-22. august 2002" the holes. They behave as if a peculiar e − h interaction acted within the photoexcited electron -hole pair. This may be described, in analogy to the true excitons, by an optical vertex, or, equivalently, by the so-called Elliott factor 1 entering the Golden Rule matrix element. Sometimes, near the absorption edge, this kinematic effect combines with a true screened Coulomb interaction between both particles. At higher excitation energies, the dynamic effect is negligible and only the kinematic coupling remains. These phenomena were studied in detail long time ago, in connection with the problem of the optical absorption in disordered (amorphous) semiconductors. We refer the reader to two chapters, 2 and 8, of the book 2 . We have to distinguish between the case of smooth random fields, due either to space charges, or to internal strains, typical for amorphous semiconductors, and the case of short range random fluctuations, related to the chemical (substitutional) disorder on an atomic scale in semiconductor alloys. The first case can be treated using the effective mass picture combined with a quasiclassical approximation. We will be interested in the other case of semiconductor alloys, which requires a fully quantum treatment, based typically on a single site approximation of the CPA character. This is reviewed in Ref.
3 . Linear optical transitions are reviewed in Ref. 4 , directly related papers are 5 , 6 ,
7
The kinematic correlation mechanism, as will be demonstrated presently, acts also in the non-linear regime induced by strong short optical pulses. The new features as compared with the linear regime concern the correlation in the electron and hole photoexcited populations, and also an additional transient light induced band hybridization which modifies the full optical vertex.
For the early time range when the disorder is still the dominant source of scattering, the problem is conveniently treated by a direct solution of the Kadanoff-Baym (differential Dyson) equations for non-equilibrium Green functions. We concentrate to substitutional alloys modelled by a two band Hamiltonian reasonably close to a realistic description and employ a selfconsistent and conserving single-site approximation for the self-energy. The disorder strength is chosen such that the picture of complex bands can be used and the effects of localization and impurity bands are not important. At the same time, the disorder dominates the optical transient and is predicted to have pronounced consequences. The present paper is an extension of our previous work, and much of the physical discussion can be found in paper 8 . We first specify our two band model in Sec. 2 and indicate the link between the disorder induced optical vertex in linear response and in non-linear transients in Sec 3. Then the formulation based on the one-electron NGF is sketched in Sec. 4. The last section 5 is devoted to the physical discussion of the kinematical correlation based on numerical results. The semiconductor has a two-band electron structure with the gap between two isotropic parabolic band edges at the center of the Brillouin zone ("standard band structure"). All many-body interactions are ignored. The disorder potential acts in each band separately, not mixing states of both bands ("independent bands"). The effect of the optical pulse is restricted to a non-random interband dipole coupling treated in the rotating wave approximation (RWA). The initial condition is a fully occupied valence band and a completely empty conduction band before the arrival of light.
Model semiconductor alloy
The notion of independent bands is formalized by introducing the band projectors which are non-random and diagonal in both the Bloch and the Wannier (site) basis:
The full one-electron Hamiltonian for one configuration of our alloy has the following structure:
The non-random configuration independent or averaged quantities are denoted by italics, while the configuration dependent ones by rounded (" \cal ") characters. The dark Hamiltonian H DARK is band diagonal, as both the Bloch Hamiltonians W b and the random potentials V b are assumed to obey the rule
The interaction with the pulse is taken as purely interband, that is off-diagonal; with the linear polarization in the x direction, the basic frequency Ω , and in the Rotating Wave Approximation, it reads
where Q = ex cv E m is the strength of the pulse, ex cv a real constant electric dipole matrix element and E m the peak electric field of the pulse; C -x (t) = E m Φ(t) ≥ 0 is the pulse envelope.
Optical vertex in linear and non-linear response
In general, the macroscopic optical response is given by the electric polarization P induced by the electric field E of incident light. In our isotropic case, we need
withx = x cv {Π cv + Π vc }, and the one-electron density matrix for a random atomic configuration. · · · indicates averaging over these random configurations. N is the number of primitive cells, Υ 0 the cell volume. The electric field enters through the time dependence of . The initial condition is (t 0 ) = P v for t 0 in a distant past. Clearly, P x (t 0 ) = 0. Some understanding of (4) can be gained in the linear case. Then, P and E are linked by the dielectric function ε defined by a symbolic equation P = 0 (ε−1)·E. The absorptive part of its Fourier transform, the complex permittivity, for our model can be rewritten 4 to reflect the simultaneous motion of the photoexcited e − h pair:
Before averaging, the electron and the hole move independently in their respective bands. Configuration average of the product of two δ-functions would factorize only if the randomness in both bands were uncorrelated. In a chemical environment common for both particles, a disorder induced optical vertex Γ vc modifies the product of the averaged δ-functions
have the meaning of spectral densities in the individual bands. They describe the band broadening and shift, in other words the polaron-like effects of the disorder. In Eq. (5), they give rise to non-direct (non-vertical) transitions. The vertex Γ vc plays the role of a generalized Elliott factor, as it describes the joint behavior of the electron and the hole. It depends on the degree of stochastic correlation between both band Hamiltonians 7 , 6 , 4 . There are several ways of transforming Eq. (4) in the non-linear case to equations resembling (5). There are important qualitative differences, however. These equations have to be written in the time domain, with the spectral densities replaced by configuration averaged propagators. The propagators and the vertex kernels are dressed by the light . . . the nonlinear effect. As a consequence, the propagator has also band off-diagonal blocks, which describe the light induced hybridization of both bands and cannot be interpreted as a propagation of a well defined e − h pair. While these results are physically revealing, they offer no easy way for an actual evaluation. For that we turn to the NGF formulation.
Equations for NGF including kinematical correlations
We work in the standard LW matrix form of NGF. For example:
The Hamiltonians are split into their averaged (mean field, virtual crystal) and fluctuating parts:
The Dyson equation for G is rewritten in terms of G DARK :
The dark quantities are known beforehand and we solve numerically the Dyson equation in the second form together with the self-consistent Born approximation for the light induced part of the self-energy,
The off-diagonal parts of Σ IND are the explicit source of the disorder induced correlation. It spreads, by self-consistence, also to the diagonal parts. We consider the case of a "diagonal disorder", when only the quasiatomic levels in the Wannier representation fluctuate. For a binary alloy, let the levels be
at random. The measure of the intraband disorder, and of the cross-correlation, according to (9), is
Depending on the sign interplay of the level differences, the correlation parameter κ is ±1. We will compare three cases: As will be seen, this statistical correlation can be reformulated in terms of "effective e − h interaction" 2 also in the non-linear case.
Correlation dependent transient photoexcitation
To demonstrate the importance of the e − h disorder induced correlation, we present here a few numerical results obtained by solving the Eqs. (8) and (9) using the method described in ref. 8 . Primarily, we have calculated the quantities The averaged one-electron density matrix is given by
It is k-, but not band-, diagonal. To obtain a summary information, we trace over the k-vectors:
The time evolution of κ ρ TOT is in Fig. 1 . The diagonal elements have the interpretation of the total photoexcited populations, namely n e = ρ 0 M x . The populations and the polarization have in common that they are correlation insensitive early after the pulse arrival, while the differences are marked at late times, in a qualitative agreement with the notion of final state e − h interactions. This is explained by linking the correlation effects with the incoherent back-scattering.
The tendency is different, however. The diagonal elements increase with a stronger correlation, while the off-diagonal ones decrease. This may be partly understood by considering the energy balance. The "Joule heat" rate (actually, a non-dissipative energy transfer 8 ) is
As seen in Fig. 2 , the gain becomes negative at the trailing side of the 
this is converted into a reverted order of magnitude of the integral energy transfer. The tentative interpretation of this behavior is that positive/negative correlation enhances/reduces the incoherent backscattering, and, hence, the disorder effect on the optical response.
Conclusion
(1) The stochastic correlation in motion of the photoexcited electron -hole pairs is predicted to have a strong effect on the absorption of light from a pulse (2) The theory developed presently extends the previous work for the linear response 5 , 6 to non-linear transients 8 (3) Main effect of the e -h kinematic correlation is to modify the "long" time asymptotics corresponding to the final state interaction in the linear theory and to the incoherent backscattering in general (4) correlated e -h motion enhances the disorder effect ("attraction")
anticorrelated e -h motion reduces the disorder effect ("repulsion")
